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INTRODUCTION 
The spectroscopy as a field of experimental and theoretical research 
has already contributed much to our knowledge concerning the physical 
nature of things knowledge not only of our own earth but of the sun, of 
interstellar space and of the distant stars. Due to the revival of interest in 
the Astro- and plasma spectroscopy, the importance of studies in spectra 
emitted by neutral and ionized atoms has tremendously increased in the last 
few decades. For instance the identification of the forbidden transition of 
Fe XIV in solar spectrum by Prof Bengt Edlen revealed for the first time 
the estimated temperature of corona must be of the order of millons of 
degrees. Spectroscopy is based on the interaction between matter and 
radiation as a function of wavelength (k). In fact, historically, spectroscopy 
referred to the use of visible light dispersed according to its wavelength (X). 
A further extension of the scope of the definition added energy (E) as a 
variable, once the very close relationship E=hv for photons was realized. A 
plot of the response as a function of wavelength or more commonly 
fi-equency is referred to as a spectrum. It is simply a chart or graph that 
shows the intensity of light from low energy radio waves to very high 
energy gamma rays. Spectra are complex because each spectrum holds a 
wide variety of information. For instance, there are many different 
mechanisms by which an object, like a star, can produce light. 
It is worthless to mention the importance of any particular element of 
the periodic table in the era of fast growing technology and its medical and 
industrial application. Spectroscopic data are of great help in optical hole 
burning, used to enhance the memory for data storage capacity. On the 
other hand industries involved in Hthography are using spectroscopic data 
very successfully. I have chosen to study calcium spectra in the visible 
wavelength region and would like to shed some light on its basic 
properties. 
Calcium is an alkaline earth metal. The alkaline earth metals make 
up Group 2 (IIA) of the periodic table. Its atomic mass is 40.08; atomic no. 
20. It is a fairly soft metal with a shiny silver surface when first cut. The 
surface quickly becomes dull as calcium reacts with oxygen to form a 
coating of white or gray calcium oxide. It's melting point is 850°C 
(1,560°F) and its boiling point is 1,440°C (2,620°F). It has a density of 
1.54 grams per cubic centimeter. Calcium is the fifth most common 
element in the Earth's crust. Its abundance is estimated to be about 3.64 
percent. It is also the fifth most abundant element in the human body. It 
does not occur as a free element in nature. It is much too active and always 
exists as a compound. The most common calcium compound is calcium 
carbonate (CaCOs). It occurs as aragonite, calcite, chalk, limestone, marble, 
and travertine, and in oyster shells and coral. The spectra of calcium which 
I have studied make two and one electron systems. The basic procedure 
and technicalities involved will be discussed at length in the following 
chapters. 
In the first chapter, the basic theory of Atomic Structure and Spectra 
has been described. Second and third chapters provide all the experimental 
details. The remaining two chapters (Ch IV - V) are devoted to describe 
the detailed energy structures of Ca I and Ca II respectively. 
CHAPTER - 1 
Theoretical approach 
1.1. Theoretical approach for atomic structure 
calculations: 
The theoretical aspects of the atomic structure calculations have been 
well documented by various authors like Condon and Shortely [1], 
Slater[2], Cowan[3], Fisher[4] etc. As we know that the exact solution of 
the schrodinger's equation is possible only for simplest atoms: hydrogen. 
When we deal with atoms having more than one electron, an exact solution 
is not obtainable and we must look for satisfactory approximations to solve 
the equations. Various approximations are used for this purpose, one of the 
most important being central-field-approximation good enough to give 
good qualitative and quantitative agreement with experiment. The 
theoretical treatment generally based on the assumption that the electron 
may be regarded to the first approximation as moving independently in a 
central field which arises as a net result of the positive charge of the 
nucleus and the average distribution of the negative charges of the 
electrons. The state of the atom is then characterized by assigning definite 
n and £ values to each electron. Even though the quantum mechanical 
validity of this description is limited, but it at least gives a starting point to 
the description. In this approximation the energy depends on the different 
electronic shells and on the quantum numbers n and I but is independent of 
the mutual orientation of electron orbits and spin [1]. According to this 
approximation, various electrons are grouped together in an atom according 
to their quantum numbers n and £ irrespective of mutual orientations of 
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electron orbit, and spins, hence one electron wave functions are taken with 
the same radial functions to represent all wave functions of any one ( n € ) 
group. This approximation has been found good enough to explain the 
spectra of alkali metals in fair detail and satisfactory to provide size and 
energies of general atoms to a good approximation [2] & [5]. 
1.2. Approximations in the atomic structure 
calculations (H, HF and HFS Scheme): 
All theoretical predictions are based on time dependent 
Schrodinger's equation 
(H-E)U(r,OJ) = 0 (1) 
Where E is the energy, H is the Hamiltonian and U is the wave function. 
The one electron hydrogen wave function or orbitals as given by Slater [2] 
in usual notation is 
^ „ ^ ( ^ ^ > ^ ) = ^^^y- | ' ^ ' ; ;> f - l7 l> ' . . ,MP,H(cos . )exp( . . , ^ ) 
V'^11 U (/+IOT, I)! 
(2) 
where ^ ni V ) ~ 
r 
and Rni or Pni is normalized such that 
In Hartree method Schrondinger's equation is solved by taking a 
many body Hamiltonian operator and atomic function, which is the product 
of all the fiinctions belonging to individual electrons of the atom. In taking 
such an approximate simplified function, the fact that an electron possesses 
spin angular momentum and that it obeys Pauli's exclusion principle inside 
an atom is neglected. In Hartree's self-consistent-field method, assumed 
that each electron moves in an average potential arising fi-om nuclear 
charge and from other electrons. Schrodinger's equation for an electron 
moving in that potential is solved. The wave flinction of the desired 
quantum number in that potential is chosen and assumed that this wave 
flinction is to be used in finding charge density due to all electrons being 
considered. Total charge density due to all electrons being considered is 
built up, and hence potential arising fi-om this charge density is found out. 
Then the requirement of self- consistency is sought out so that this potential 
must be consistent with the initial one assumed in setting up the 
Schrodinger's equation Slater [2]. 
Hartree found that he could set up a manageable procedure for 
determining this self-consistent field, based on the method of iteration or 
successive approximations. He determined charge densities and potentials 
from these fiinctions. Then solving Schrodinger's equation, he found out 
the final wave function. This process continued until the self-consistency 
between trial and final wave fiinctions was achieved. A new cycle of 
operation was started by using the final fianction of its previous cycle as 
initial fimction of this cycle. It was found after a number of cycles the 
process converged and thus to a good approximation the so called self 
consistent function were obtained [5]. Hartree's atomic wave function of a 
N- electron atom will be a fianction which contains the complete 
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contribution from all N wave functions belonging to the individual 
electrons in central field model. Such a wave function {?> is a product of all 
the one electron wave function Ts viz [6]. 
^ = ^ , (1 V , (2 ) ^ ;v (A^  ) (3) 
Hartree's atomic wave function does not conform to Pauli's exclusion 
principle. That problem was solved by fock by taking anti-symmetric wave 
function in what is called "Hartee-Fock" method [2]. The simplest function 
which satisfied the conditions of anti symmetrization is a determinantal 
function of the type 
(i>=m 
¥c .(1) y^M ¥a{N) 
y^M y^M ^M) 
¥M ¥M ¥M 
(4) 
For central field type atom the single electron wave ftmction is taken of the 
form 
y^ aiJ) = —P(naL^n)SUa^a^jJj)Zj(Sj)___^^^ 
where P, S and % are radial wave function, spherical harmonic and spin 
wave flmction respectively,(na, ta, iHa) are the quantum numbers of the 
wave function a and (r,, 9j , cpj and sy) are the radial , spherical, polar and 
spin coordinates of electron j . 
The difference between Hartree and Hartree Fock method is only 
that in former we are using the function (3) while in latter the function (4), 
other treatment being exactly the same. Of course in the final expression of 
Hartree Fock method we are getting some extra term as well. The presence 
of these terms greatly complicates the resulting set of integro-diffrential 
equations. Scientists therefore attempted to modify it, to make simple and 
physically more comprehensible. Slater's life long work is most important 
in this respect. The Hartree-Fock method gives accurate result for light 
atoms, but a relativistic correction is necessary for heavy ones. The integro-
differential equations involved in Hartree-Fock method are divided into 
smaller manageable integrals known as Slater Parameters. 
1.3. Slater formulism: 
Neglecting the spin orbit interaction and magnetic effects. Slater [2] 
has given the one electron energy contribution in integral form as 
av -[ 21+2 d f dr R nl V 
d_ 
dr 
(R ^ 
V 
IZrR niR nl 
J 
dr 
This is called average energy. Where as the two electrons contribution is 
expressed in terms of another integral 
X 
2r{ay 2 2r 7 
\k+\ 1 2 1 2 (by 
Where a and b are the coefficients defined by Slater. In case of equivalent 
electron equation (R*^ ) gives the electrostatic (coulomb) part of energy in 
terms of symmetric integrals. 
2r(ay 2 2 , , 
For non equivalent electrons, the following exchange integrals are 
obtained; 
/ ; \k+] 1 2 1 2 
For F*^  integral k is always even but for G*^  it may be even or odd. 
The radial integrals F'^  and G^ (or more generally, R*^) are referred to as 
Slater parameters. The integrals denoted by F*^  represents that part of the 
electrostatic energy which depends on the orientation of the I vectors and is 
responsible for the separation of terms with different L-values in LS 
coupling. Those denoted by G*^  give the energies due to the exchange forces 
which depend on the spin orientations. They cause the splitting of terms 
with equal L but different total spin S. After the expressions containing the 
F's and G's have been derived the magnetic spin-orbit interactions are 
introduced as perturbation, which gives the fine structure splitting 
expressed in terms of spin-orbit integrals denoted by ^ ni U]-
2m^c^ajn'l.{li + l/2)(/,- + l ) 
1.4. Cowan's calculations: 
A brief description of the Cowan's approach to solve the 
Schrodinger's equation will be described here. The self consistent-field 
method is employed for the calculation of atomic radial wave functions, 
and of the various radial integrals involved in the calculation of atomic 
energy levels and spectra. The code has been used programs for ab initio 
and least squares fitted parametric calculations. Cowan's approach was 
essentially to solve the Slater parameters (Eav, F"", G"^ , n^i, and R" )^. The 
Cowan's code consists of four different programs in the sequence RCN, 
RCN2, RCG and RCE. 
( i ) RCN: 
The program RCN calculates single- configuration radial wave 
functions Pni(r) for a spherically symmetrized atom. The primary input 
information is always to RCN. In addition to the radial wave function, also 
calculated for each configuration are various radial integrals R"^ , F'', G , n^i 
and total energy of the atoms Eav including approximate relativistic and 
correlation energy corrections. This gives the starting part of any ab initio 
calculation all the basic input information like name of the element, its 
atomic number, ionization stage and orbital information etc; are always 
provided to the input file called "IN 36". Each program automatically 
provides input information to the succeeding program. 
Table: 1.1 INPUT FILE FOR RCN PROGRAM TO RUN 
COWAN CODE 
200-90 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
-1 
0 2 01. 
ICal 
ICal 
ICal 
ICal 
ICal 
ICal 
ICal 
ICal 
ICal 
ICal 
ICal 
ICal 
ICal 
0.2 5.E-
4S2 
4S3D 
4S4D 
4S5D 
4S5S 
4S6S 
4P2 
4SP 
4S5P 
4S6P 
4S4F 
4S5F 
3D4P 
-08 l.E-11-2 1 
3P6 
3P6 
3P6 
3P6 
3P6 
3P6 
3P6 
3P6 
3P6 
3P6 
3P6 
3P6 
3P6 
4S2 
4S 
4S 
4S 
4S 
4S 
4S0 
4S1 
4S1 
4S1 
4S1 
4S1 
3D1 
D0190 0 1.0 
3D 
4D 
5D 
5S 
6S 
4P2 
4P 
5P 
6P 
4F 
5F 
4P 
0.65 0.0 1.00 -6 
(ii) RCN2: 
The radial wave functions from the output of RCN become the 
input to RCN2 for the calculation of the various multiple configuration 
radial integrals, overlap integrals, configuration- interaction, Coulomb 
integrals R"" and spin- orbit interaction integrals n^i ,and radial electric 
dipole and electric quadruple integrals. The input file In2 for RCN2 is a 
two-card input with first line as the control card on which most of items 
have universal values. Among the different universal items on the control 
card there lies 2-digit scale factors (in percentages) for respectively F 
between equivalent electrons, spin orbit parameters, F and G for non-
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equivalent electrons and configuration-interaction R"^  radial integrals. 
Basically, scaling of HF Coulomb radial integrals is done in order to get 
RCG eigenvalues in better agreement with experimental energy levels. For 
neutral or weakly ionized systems smaller factors are used while factors 
approaching unity are found to be appropriate for highly ionized systems. 
RCN2 also calculates automatically all the quantities required by the next 
program for the calculation of the energy levels and spectra of an atom/ion 
and prepares the input file for the next program RCG [3] & [4]. 
(iii) RCG: 
The angular factor of various matrix elements are computed by RCG 
program. It calculates the energy eigenvalues of each individual energy 
level, transition wavelength, its wavenumber and the transition probability 
of each transition involved in the system. It also has a provision to calculate 
the electric quadruple E2 as well as magnetic dipole Ml transitions. Beside 
that it calculates the LS percentage composition of the mixed levels when 
the system is complex. Finally the average purities of all the configurations 
of both parities in LS as well as in jj coupling scheme. It also calculates the 
lifetime of the excited states. In fact RCG provides the main output of the 
ab intio calculations. This program has also an option to run with the least 
squares fitted parameters. 
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(iv) RCE: 
It performs least squares fitting of the observed energy levels. Its 
basic purpose is to adjust the values of the theoretical parameters so as to 
produce computed atomic energy levels in the best possible(least-squares-
wise) agreement with the experimentally known level values. Levels whose 
energies are not known experimentally can be omitted from consideration, 
any of the parameters can be held fixed at specified values, or graphs of 
parameters can be forced to vary in such a way that the ratios of their 
values remain fixed relative to each other. The fitting process is carried out 
by an automatic iterative procedure until the parameter values no longer 
change from one iteration cycle to the next, or for a specified maximum 
number of cycles. The iteration can be carried out in any one of the seven 
angular-momentum coupling schemes available in program RCG; final 
eigen vectors are printed in this representation and also in either the LS or 
jj representation [3]. 
1.5. Regularities along the sequence: 
There are various techniques which can be employed to check the 
regularities of the same observed levels found in different ions having 
exactly similar electronic structure. Such a system with identical electronic 
structure and having different nuclear charges Z exhibits a number of 
relationships that are of great interest both for the practical analysis of 
spectra and for the systematic description of the experimental results and 
their extrapolations. These ionic systems are termed as isoelectronic 
sequences. A sequence is usually denoted by its first (neutral-atom) 
member; for example, the Ar I sequence consists of Ar I, K II, Ca III, Sc 
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IV, etc. However, if emphasis is on a particular highly ionized member of a 
sequence, the sequence might be denoted by this member; for example, the 
Ar I sequence might also be called the Fe IX sequence, and thought of as 
the sequence Cr VII, Mn VIII, Fe IX, Co X, Ni XI, etc is termed as 
isoelectronic sequence [7] and named as Ar I like sequence the number 
written after the symbol of the element give the net charge of the core i.e. 
Z-(N-l) where Z is the atomic number , N is the total number of extra 
nuclear electrons this number is denoted by C, often called spectrum 
number, for example ^=1 in above mentioned sequence denotes the 
spectrum of neutral Ar. Similarly ^=2, 3, 4, ...stand for singly ionized, 
doubly ionized, triply ionized atoms i.e. second spectrum of K, third 
spectrum of Ca, fourth spectrum of Sc etc. 
Since the number of extra-nuclear charges is the same all along the 
sequence, they should naturally possess the same spectral structure. 
Consequently they show remarkable similarities among themselves, which 
are very useful in comparing the transitions and energy levels obtained by 
the analysis of new spectra. 
For comparison along the sequence if we plot the term Tny Vs Z we 
find only approximate trends because Tnij increases very rapidly with Z 
and the comparison fails to reveal even serious irregularities in the 
analysis. To overcome this difficulty, Prof Edlen [7] studied in a verity of 
ways the Z dependences of the energy levels and other atomic regularities 
so as to get precise comparisons. The Enij/^  plot against ^ replaces steep 
upward trends of E Vs ^ plots by downward slopes, already permitting the 
use of larger scales. Successful efforts have been made then to straighten 
these curves for higher members of the sequence by adding a suitable 
constant "c" to ^ so as to take the form E/( ^+c). This constant "c" is 
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naturally more effective at the beginning of the sequence than for the 
higher members. It may be guessed from the equation Ei/( i^+c)=E2/(^ 2+c) 
where E| the energy of lower member of sequence, while E2 is the energy 
of same level of the higher member of the sequence. By this way it 
becomes possible to make the curve horizontal and smooth. Once a 
horizontal trend is obtained more and more sensitive scale may be chosen 
for desired precise comparison. This kind of representation is utilized 
generally for the ground configuration or the configurations having the 
same n value as ground. 
When n of the configurations concerned is different from that of the 
ground, the above mentioned representation fails to give horizontal curves, 
E/( ^+c) Vs Z then give rather an upward rising trends for higher members 
of the sequence. This upward slope is reduced by subtracting C, 7//from E/ 
(^+c), the hydrogenic term TH is given as 
r 
or more precisely [9,p.l26] as 
1 1 
n, n 2 ) 
T R^ H 
n 
1 + ^Y 
n 
n 
2 
3_ 
4 -(6) 
where R is Rydberg constant nj, nj are the principal quantum numbers of 
the ground and other shell involved in the configuration concerned 
respectively, a being the fine structure constant. 
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1.6. Edlen's Polarization formula: 
Within the same spectrum separation between the Hnes and their 
intensities decrease more or less regularly towards the shorter wavelength 
causing convergence to a limit called ionization limit. Out of these the lines 
that are transition between a fixed lower level and the upper level having 
all quantum number same except running principal quantum number n 
constitute a Rydberg series. 
If we denote by E the relative term value counted upwards from the 
ground term, and by E c the value of the series limit on the same scale, the 
absolute term value is defined as 
T = El - E (7) 
Hence ionization potential (I P) which is the precise difference 
between the "upper most" and the "lower most" level of the system may be 
related as 
IP = Ei=T + E (8) 
Writing the term value empirically as 
R C ' 
T - j ^ — (9) 
where n = n- S being called effective principal quantum number and 
5 the quantum defect. By rearranging the equation for term value it can be 
written in the form of Ritz formula as 
S = a + bt (10) 
where t is the "reduce term" and given by the relation 
15 
r=(«*r= ^ 
R^' (11) 
The equations (7) (10) and (11) can be used to determine the unknowns a, 
b and E c provided that the energy level value E c are accurately known for 
at least three members of Rydberg series corresponding to the known 
principal quantum numbers n i, n2 and ns. 
Since the equations are involved in E c, the direct solution is not 
possible. Re-iteration process is adopted to solve them, starting with an 
approximate value of E c, that can be guessed. 
Explicitly nine equations are obtained in the form of three sets 
corresponding to above equations (7), (10) and (11). First using the guessed 
Ec value, three corresponding term values T are obtained from equation (7). 
These values of T are used in equation (11) to obtain corresponding values 
of 5. Equation (10) provides the means to find a and b. By using third 5 a 
better approximation for the term t or T can be obtained. This feeded to one 
of the equations (7) will provide a better approximation for E c, that will 
give a better value of T from other two equations of (7). Continuing this 
process, second improved value of E c is obtained and so on until the 
difference between the last two successively approximated values of E c is 
within the desired limit E j . Once the final value of the series limit E f is 
fixed the effective quantum number n and the quantum defect 8 can be 
calculated more accurately. In order to achieve still better accuracy, higher 
the terms of the Ritz formula should be considered by writing 
S = a + bt + ct^ + dt^ + (12) 
But to start with one should proceed from the two parameter formula in 
steps to include the third and fourth term. It is seen in practice, that we can 
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proceed to fourth term profitably in case of unperturbed s-series only, up to 
third term can be added to p-series and in some cases of d-series of heavy 
atoms. For the rest of the series a two term Ritz formula is sufficient. 
Edlen observed in the study of the variation of the quantum defect 
against the reduced term value t in Mg II [7, p. 126], that the curves have 
different character with an opposite slope, for the penetrating orbits, ns and 
np and the non penetrating orbits, nd, nf, ng and nh. In latter case the 
quantum defect 5 exhibit a striking regularity in its dependence on f which 
is connected with the fact that for these series 5 is determined almost 
entirely by the polarization of the atomic core in the field of the outer 
electron. According to the theory developed by Bom and Heisenberg [10] 
and by Waller [11] this polarization gives a contribution Ap to the term 
value T that may be written as 
^p = T-T„^a,R< r-' >= A(Z)P{n,l) (,3) 
where ^\^) ~ ^dQ 
and 
Here n and C are the orbital quantum numbers of the outer electron. T^ is 
defined in equation (6), < r ""^  > an average value of r "^ , r being the radius 
of the electron's orbit in units of ao, and a j the dipole polarizability of the 
atomic core in units of ao^ A (Z) is pure function of Z while p (n, £) is a 
polynomial in n and I only. 
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Observations reveal that the value of A obtained from nf are about 
10% larger than those of ng or nh. For ng and nh the variation in A is 
within the experimental errors of Ap (about ±0.02 cm"'). Therefore if we 
want to include the orbit nf (t-3) which are still non penetrating, in the 
general formula the energy contribution from distortions of the higher order 
must be accounted for and we can include quadrupole polarization. 
Ap=a,R<r^>+a^R<r^> 
a ^ is the quadruple polrizabilty of core in units of ao^ < r "^  > is defined in 
ref [12]. The general formula taken the form 
A^ = A(z)p(n,l)[l + k(z)q(n,l)] 
where k (Z) stand for ^ a q / a d, and 
q{n,l)= — X 
The values of q(n,£), p(n,£) are calculated by Edlen. The above equation 
can be applied to any spectrum by plotting Ap(n, £)/ P(n,f) against q(n,£). 
For terms that follow the two parameter polarization formula the points 
will then fall on a straight line with intercept A and slope Ak. 
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CHAPTER - 2 
Light Source and Spectrograph 
2.1. Light source: 
Light sources which provide clear observations of the spectra under 
investigation are a prerequisite to spectral analysis. These can be classified 
according to the spectrum they emit, as continuous or discontinuous, 
although the distinction between the two is not absolutely sharp. A 
continuous spectrum is characterized by an uninterrupted range of 
wavelengths over a considerable region and by the absence of sharp lines 
or bands. In the visible region this spectrum appears as an unbroken series 
of colours changing imperceptibly from one to the next. On the other hand 
discontinuous sources show a number of sharp, narrow bright lines in the 
spectrum. Individual atoms or molecules in the light source, which are 
usually in a vapour or gaseous state, emit the radiation [1]. Different light 
sources that are conventionally used for obtaining the line spectra of 
chemical elements are flame, arc, spark, discharge of low pressure (high 
frequency discharge, hollow-cathode discharge and vacuum spark 
discharge), and laser produced plasma. Each term, flame, arc, spark, etc. 
represents a different source class. 
2.2. Condensed spark source: 
A simple spark source have designed in our laboratory by using L-C 
circuit., a capacitor having positive and negative terminals adapted to be 
positively and negatively charged, is connected to power supply with 
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variable d.c. output up to 12500 V. A coil connected between capacitor and 
electrode (which is connected to the negative terminal of power supply). 
This coil was used as inductor to provide necessary current density. A 
simple spark source diagram is shown in Fig. 2.1. To produced radiation 
from the ionized atoms the inductance of the circuit should be very low. 
The inductance can be purposefully introduced in series with the source to 
select unknown spectral line since radiation from the most highly ionized 
atom disappears first as series inductor is increased. 
Capacitor 
C electrode 
C electrode 
Power supply 
Fig: 2.1. A circuit of the simple spark source. 
As sparks are operated at higher current densities and higher 
electrode temperatures, they begin to behave more and more like arcs. 
Indeed, under suitable circumstances the transition to an arc discharge may 
be complete. Spark spectra show the emission lines of singly and multiply 
ionized atoms in addition to those of neutral atoms which are characteristic 
of arc spectra. The emission lines of atoms of the electrode material 
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normally predominate, in terms of total radiant emission, over those of any 
gases present in the gap, and the latter may be suppressed almost entirely 
by use of a series inductance. 
2.3. Spectrograph: 
The instrument used to produce a photographic image of any 
spectrum is referred to as "spectrograph". The spectrograph is therefore a 
powerful tool for the investigation of the nature and properties of the 
material emitting the radiation and for determining the structure of the 
radiating or absorbing atoms or molecules. Various types of spectrographs 
[1] are used for this purpose. Depending on the region of investigation, the 
choice of appropriate spectrograph is made. A variety of spectrographs are 
available for recording in air at various laboratories including 1.5m, 21 feet 
and 35 feet grating spectrographs at Aligarh Muslim University, Aligarh. 
2.4. Normal incidence grating spectrograph: 
o 
When the angle of incidence a is less than approximately 10, the 
radiation is considered to be directed at normal incidence to the grating. 
For a less than 10, there is very little astigmatism and essentially no 
change in the reflectance, hence efficiency, of the grating. The actual angle 
of incidence, then, is dictated by the physical problem of mounting the 
photographic plate holder and light source. The inside spectrum is normally 
used either in its first or higher orders since there is actually a loss in 
resolving power as p increases. There is also a considerable saving in space 
when the inside spectrum is used. The reflecting power of grating surface is 
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important for determining range in vacuum ultraviolet when using in 
Normal Incidence mode. 
GratJRg (radius Jl) 
Entrance 
sitt 
/ 
Outside 
Rit« holder sp^jtrum 
Fig : 2.2. An optical layout of a basic spectrograph. 
At wavelength \ > 1000 A, aluminum is the best reflector whereas 
below that wavelength platinum is superior to aluminum. Grating rules on 
glass without subsequent coating by metallic films are often used in this 
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region. Glass has the particular advantage of not tarnishing and of being 
cleaned easily if it becomes coated with surface films. Normal incidence 
gratings are usually ruled with 15,000 or 30,000 lines to the inch. The 
rulings are usually very similar to those used for longer wave ultraviolet 
and visible regions of spectrum. 
2.5. The 1.5m Wadsworth grating spectrograph: 
The Wadsworth spectrograph which is used to record the Calcium 
spectrum in the laboratory of physics department, A.M.U. ALIGARH is a 
concave grating spectrograph. The grating has 30000 lines per inch. It has 
provision to make recordings in three orders of wavelengths. In the first 
order, it covers the wavelength range from 4200 to 9700 A. Second order 
covers wavelength region from 2100 to 4850 A and the third covers the 
region from 2100 to 3230 A. It is used in many diverse fields in a research 
laboratory. The mode of exciting the sample is as varied as the laboratories 
using the spectrograph. It is the most important to choose the correct source 
to go with this spectrograph. Types of excitation available are: DC arc, 
high voltage AC spark, unidirectional DC arc (half wave and fiill wave), 
low voltage DC arc, self-sustaining low voltage AC arc and high voltage 
AC arc. Safety lock controls also enable the operator to choose the 
resistance, capacitance and inductance required. Spectra of short-life 
species occurring in a shock tube can be recorded. The broad wavelength 
coverage guarantees that nothing will be missed. Since only one shot is 
often all that will be taken. Different parts of this spectrograph described as 
follows 
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Fig: 2.3 the 1.5m Wadsworth grating spectrograph 
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2.5.1. Arc-Spark stand: 
A convenient, easy-to-use arc and spark stand enables pins, flats, and 
solution samples to be excited. The stand is designed so that only the 
electrode clamps project into the chamber. These features reduce the 
possibility of contamination and permit easy cleaning. All control knobs 
are located in logical, easy-to-use positions. The electrodes can be viewed 
during exposure through a polarizer window at 6x magnification. The 
electrode jaws open bilaterally. They are made of nickel-plated brass 
coated with Rhodium to minimize any possibility of corrosion and 
contamination. The electrode clamps are internally cooled to withdraw any 
heat generated. 
1 i!^£^ | H 
Fig: 2.4 The Arc Spark Stand of 1.5m wadsworth spectrograph 
26 
2.5.2. Camera racking: 
The complete 20" is racked by a precision gear system controlled 
from the slit end of the spectrograph. As many as four sets of spectra can 
be obtained on one film. Each set is the image of the same slit. 
Fig: 2.5 The racing of the 1.5m wadsworth spectrograph 
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2.5.3. Stainless steel precision slits: 
Because the spectrum recorded is the image of the slit, it is 
imperative for quality spectra that a sharp evenly spaced slit be employed. 
Bilateral adjustable or fixed bayonet type precision ground stainless steel 
(not evaporated) slits are employed. 
Fig: 2.6 the slit of the wadsworth spectrograph 
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2.3. Concave grating: 
A diffraction grating consists of a large number of close, equally 
spaced 'grooves' on a plane or concave surface. Concave gratings differ 
from plane gratings in that the grooves are ruled on a concave mirror blank, 
and the grating acts as its own collimator and camera. The slit, grating and 
spectra all lie on a circle whose diameter is equal to the radius of curvature 
of concave grating—Rowland Circle. Since their invention by Henry 
Rowland over one hundred years ago, concave diffraction gratings have 
played an important role in spectrometry. Compared with plane gratings, 
they offer one important advantage: they provide the focusing (imaging) 
properties to the grating that otherwise must be done by separate optical 
elements. For spectroscopy below 110 nm, for which the reflectivity of 
available mirror coatings is low, concave gratings allow for systems free 
from focusing mirrors that would reduce throughput two or more orders of 
magnitude [3]. 
Fig : 2.3 Diffraction by concave grating. 
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2.3.1. Resolving power: 
The resolving power [4] is a crucial characteristic of diffraction 
gratings since it is a measure of the fiindamental property for which 
gratings are used, it quantifies the ability of the grating (when used in an 
optical system) to separate two nearby wavelengths. Resolving power R of 
a grating is a measure of its ability to separate adjacent spectral lines of 
average wavelength A. It is usually expressed as the dimensionless quantity 
R = ' 
A 1 
Here AA is the limit of resolution, the difference in wavelength between 
two lines of equal intensity that can be distinguished (that is, the peaks of 
two wavelengths /l\ and A2 for which the separation \/l\ - /I2I < AA will be 
ambiguous). Often the Rayleigh criterion is used to determine AA - that is, 
the intensity maxima of two neighboring wavelengths are resolvable if the 
intensity maximum of one wavelength coincides with the intensity 
minimum of the other wavelength [5].It is useful to consider the resolving 
power as being determined by the maximum phase retardation of the 
extreme rays diffracted from the grating. Measuring the difference in 
optical path lengths between the rays diffracted from opposite sides of the 
grating provides the maximum phase retardation; dividing this quantity by 
the wavelength A of the diffracted light gives the resolving power R. 
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2.3.2. Dispersion: 
The primary purpose of a diffraction grating is to disperse light 
spatially by wavelength. A beam of white light incident on a grating will be 
separated into its component wavelengths upon diffraction from the 
grating, with each wavelength diffracted along a different direction. 
Dispersion is a measure of the separation (either angular or spatial) 
between diffracted light of different wavelengths. Angular dispersion 
expresses the spectral range per unit angle, while linear expresses the 
spectral range per unit length. 
2.3.2.1. Angular dispersion: 
The angular spread Ay^  of a spectrum of order m between the 
wavelength A and A + AA can be obtained by differentiating the grating 
equation, assuming the incidence angle a to be constant. The change D in 
diffraction angle per unit wavelength is therefore 
J/? m m D = -^ = =—SQcp = GmsQcp 
dX dcos/] d 
The quantity D is called the angular dispersion. As the groove frequency G 
= 1/d (d groove spacing) increases, the angular dispersion increases 
(meaning that the angular separation between wavelengths increases for a 
given order m). 
31 
2.3.2.2. Linear dispersion: 
For a given diffracted wavelength /I in order m (which corresponds to an 
angle of diffraction P), the linear dispersion of a grating system is the 
product of the angular dispersion D and the effective focal length r'(P) of 
the system: 
rD = r — = =—SQcp = Gmr seep 
dA dcosp d 
We have written r'(P) for the focal length to show explicitly that it 
may depend on the diffraction angle p (which, in turn, depends on X). The 
reciprocal linear dispersion, sometimes called the plate factor P, is more 
often considered; it is simply the reciprocal of r ' D, usually measured in 
nm/mm: 
p _ d cos /? 
mr 
P is a measure of the change in wavelength corresponding to a change in 
location along the spectrum. 
2.3.3. Spectral resolution: 
While resolving power can be considered a characteristic of the 
grating and the angles at which it is used, the ability to resolve two 
wavelengths Xi and ^2 = A] + AA, generally depends not only on the grating 
but on the dimensions and locations of the entrance and exit slits (or 
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detector elements), the aberrations in the images, and the magnification of 
the images. The minimum wavelength difference A/l (also called the limit 
of resolution, or simply resolution) between two wavelengths that can be 
resolved unambiguously can be determined by convoluting the image of 
the entrance aperture (at the image plane) with the exit aperture (or detector 
element). This measure of the ability of a grating system to resolve nearby 
wavelengths is arguably more relevant than is resolving power, since it 
takes into account the image effects of the system. While resolving power 
is a dimensionless quantity, resolution has spectral units (usually 
nanometers). 
2.6. Different types of Mounting: 
Different types of mounting are used in grating spectrograph like; The 
Paschen-Runge Mounting, The Rowland Mounting, The Abney Mounting, 
The Eagle Mounting, The Radius Mounting and The Wadswarth Mounting 
(this mounting used in 1.5 metre grating spectrograph for recording the 
calcium spectrum). Some are described as follows 
2.6.1. The Rowland Mounting; 
The first concave gratings of spectroscopic quality were ruled by 
Rowland [1] in 1882, who also designed their first mounting. Placing the 
ideal source point on the Rowland circle forms spectra on that circle free 
from defocus and primary coma at all wavelengths; while spherical 
aberration is residual and small, astigmatism is usually severe. Originally a 
Rowland circle spectrograph employed a photographic plate bent along a 
circular arc on the Rowland circle to record the spectrum in its entirety. 
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The Rowland circles are the Eagle mount and the Abney mount, both of 
which are described by Hutley [7] and by Meltzer [8]. 
The exit slits (or photographic plates) are considerably taller than the 
entrance slit. Increasing the exit slit heights helps collect more light, but 
since the images are curved, the exit slits would have to be curved as well 
to maintain optimal resolution. To complicate matters further, this 
curvature depends on the diffracted wavelength, so each exit slit would 
require a unique curvature. Most Rowland circle grating mounts collect 
only a small portion of the light incident on the grating. For this reason 
these mounts are adequate for strong sources (such as the observation of 
the solar spectrum) but not for less intense sources (such as stellar spectra). 
In this mounting the slit, grating and plate holder should all be on the 
Rowland circle. The grating and the plate holder are fastened on the 
opposite ends of a long, rigid bar so that the distance between the grating 
centre and the middle point of the plate holder is equal to the radius of 
curvature while the plate holder has the curvature of the Rowland circle 
with a radius R/2. 
It can be easily observed that the centre of the grating, the slit and the plate 
will be located on an exact circle, since, the right angle whose sides go 
through the grating and the plate holder centre is always inscribed in the 
circle whose radius is the diameter of the Rowland circle. 
The grating must be leveled so that the normal to the centre of the 
blank passes through the plane that is normal to the median line of the plate 
holder, and must be 
34 
Fig: 2.4. The Rowland mounting of tlie concave grating 
rotated until the grating lines are exactly normal to this plane. The slit must 
be centered accurately on this plane, located precisely on the Rowland 
circle determined by the grating radius, and rotated in its own plane until it 
is accurately parallel to the grating rulings. The photographic plate must be 
fitted carefully to the Rowland circle and set normal to the plane of this 
circle. 
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2.6.2. The Wadsworth Mounting: 
When a concave grating is illuminated with collimated light (rather 
than from a point source on the Rowland circle), spectral astigmatism on 
and near the grating normal is greatly reduced. Such a grating system is 
called the Wadsworth mount [10] .The principal advantage is that the 
spectrum near the normal to the grating is astigmatic, and spherical 
aberration and coma are small provided that the slit is kept close to the 
grating. Since in this case the slit must be placed besides the grating, the 
mounting is quite compact. Because of the rapid increase in spherical 
aberration and astigmatism with angle of diffraction, the mount is usually 
arranged to work near the normal. The plate holder and grating are 
arranged at opposite ends of a bar which is pivoted about a vertical axis 
passing through the center of the grating. The distance from grating to plate 
holder, the tilt of the plate holder, and its curvature must all be altered for 
each new setting. The adjustment is therefore somewhat more complicated 
than in the Rowland-circle mountings, which do not require the change of 
plate curvature. For gratings of moderate size it is often possible to cover 
most of the usefiil range with one setting and so to avoid frequent 
adjustments. The dispersion of the Wadsworth mounting is never truly 
normal, and the departure from linearity at any angle of incidence is more 
rapid than with the Rowland-circle mountings. 
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Fig: 2.5 Wadsworth mounting of concave grating 
2.6.3. The Eagle Mounting: 
The most compact arrangement for the concave grating is the Eagle 
mounting, which is a kind of modified Littrow, using the grating in auto-
colhmation. The axis of the spectrograph forms a chord of the Rowland 
circle with the grating and plate holder at its ends. In instruments intended 
for the visible and near infra-red the slit is usually mounted slightly above 
or below the plate holder and in the side of the instrument, a small quartz 
prism being used to reflect the light in as with the Littrow. This is known as 
off-plane mounting. For the vacuum ultra-violet the slit and plate holder are 
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usually displaced laterally with respect to one another (in-plane mounting); 
this is also the form usually adopted for monochromators. In either case the 
slit is fixed, and the spectral region is changed by moving the grating along 
the spectrograph axis as well as rotating both grating and plate holder. In 
this mounting i = 0, so the grating equation becomes 
nX =2d sin 0 
Except at very short wavelengths it is not possible to work near the grating 
normal, and the dispersion is therefore not quite linear. On the other hand, 
the wavelength range is greater than in the other Rowland circle mountings 
and the astigmatism is less, off- plane making illumination easier [11]. 
Plate holder 
Fig: 2.6 The Eagle mounting of Concave grating 
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CHAPTER - 3 
Experimental details 
The spectra used in this work, were recorded on 1.5m Wadsworth 
grating spectrograph at the physics department of Aligarh MusHm 
University, AHgarh. The calcium spectra, were recorded in the visible 
region from 4200 A to 6700 A. A condensed spark source was made and 
the operating voltage was kept at 5 kV and the capacitance measured with 
ordinary multi-meter was found around 0.25 juf The following steps were 
taken to record the spectra. 
3.1. Alignment of the spectrograph: 
For the alignment of 1.5m grating spectrograph, start with the cover 
plate removed from the collimating mirror in a darkened room, the light 
reflected from the collimating mirror to the cover plate on the grating may 
be observed. If the patch of light is not exactly centered on the grating 
cover plate, the positioning screws at the rear of the collimating mirror 
pressure plate adjusted. The two screws in the horizontal plane control the 
rotation of the mirror about a vertical axis and will move the light from side 
to side on the grating. Depending on the direction of rotation desired, 
loosen one set screw and tighten the other. The width of the illumination is 
controlled by the mask at the collimating mirror. The edge of the 
illumination just borders on the edges of the grating aperture in the 
horizontal plane. Replace the cover plate on the grating. The blue light 
centered on the horizontal line scribed on the cover plate. These 
adjustments are delicate because of the long optical lever arms involved. 
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After that grating cover plate is removed and the spectrum is observed 
through the camera of the spectrograph with the film holder removed. If the 
spectrum is not visible, the adjusting screws at the top and bottom of the 
rear of the grating holder adjusted until the spectrum is visible in the 
aperture. An arc-like discharge (copper arc) is now set up and three strong 
green lines of wavelengths 5105.587, 5153.226, and 5218.112 A can easily 
be observed through the plate holders slot with a hand magnifying lens. 
The broadness and sharpness of these lines can be controlled by the slit 
width and focus of the grating at plate holder. After few adjustments of slit 
width and grating focus, a well defined line can be observed at the plate 
holder [4]. 
Calcium Spark s o u r c e s Two carbon electrodes, one of them 
having small cavity which is filled by calcium chloride and other with 
conical shape are fixed at desired gap, in a spark chamber. Calcium 
chloride is very hygroscopic hence special care was taken in filling the 
calcium chloride in the cavity. A hot air blower was used to provide hot air 
in the spark chamber. The hot air keeps the calcium chloride and air around 
it at higher temperature so that the calcium chloride does not absorbs water. 
The electrodes moved across the slit unfil maximum intensity is 
observed at the center of the slit. The Calcium atom was excited in a spark 
discharge between carbon electrodes. One of them (lower) is a hollow 
electrode filled by calcium powder. Both the electrodes were then 
connected to capacitors of 0.25 [iF charged to 4-5 kV. 
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3.2. Recording of the spectrum: 
To begin with the recording, a number of exposures were given with 
different exposure times to obtain optimized line intensities on the 
spectrum. Basically, the number of shots (sparks) needed for an adequate 
exposure depends on several parameters, like the charging potential, the 
wavelength region of interest, etc. Therefore, several exposures are taken 
on each film at different conditions. The Carbon spark spectrum and purely 
calcium chloride spark spectrum were recorded on the same film (NOVA 
B/W 35 mm, silver Plus 125 ASA) by choosing different aperture of the 
slit. The exposure time for Carbon spark spectrum was kept half an hour 
and the exposure time for the calcium spectrum was kept one hour. For the 
identification of carbon lines carbon spark spectrum and Copper Arc 
spectrum were recorded on the same film by choosing different aperture of 
the slit. The exposure time for Carbon spark spectrum was kept half an 
hour and the exposure time for the Copper Arc spectrum was kept three 
minutes. The copper lines were used as standard lines and the lines of 
carbon, copper and other impurities were calculated by the mosfit 
programme. The Known carbon lines were taken as standard for carbon 
and calcium spark spectrum for calculation of calcium lines. The recorded 
spectrum of calcium and carbon is given in Appendix A. 
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3.3. Development of the exposed film: 
The recorded spectrum on photographic film was developed in dark 
room. Photographic film was kept into developer for two minutes for 
developing the spectrum. After washing the film by fresh water, was kept it 
into the fixer for two minutes for fixing the spectrum. Again it was washed 
with fi-esh water. 
3.4. Measurement of the Wavelengths: 
The spectrogram was measured on an abbe comparator at Aligarh 
Muslim University, Aligarh. The wavelength calculated by the relation 
}i=A+Bx+Cx'+Dx^ 
Where A, B, C, D are constants and x the relative position of a line with 
wavelength "V\ Four nearly equally spaced known lines are chosen on 
each spectrum to determine these constants, then wavelength of all other 
lines on the spectrogram are calculated. A computer program MOSFIT 
developed by G. J. Van Het Hof of Amsterdam [3] is used to calibrate the 
wavelength of the unknown lines. It fits a polynomial of two to five 
degrees of freedom and has the option to use large number of standards that 
allow minimizing the error in the fit. 
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3.5. Least Squares fit: 
Following the measurement, the most careful part of calibration of 
wavelength is done using an exponential curve fitting program "MOSFIT" 
[3] as follows 
The wavelength X of the spectral line are calculated from their 
positions x using a n- degree polynomial function 
/i = ^  a{i) 
the coefficient a(i) are determined from a least squares fit to a series of 
calibration lines with positions x^ (r) and wavelength X c(r). 
The criterion for the 'best fitting polynomial' is that 
r [ ; = 0 
is minimal. 
Taking the partial derivatives to the various a (j ) , a set of n+1 
equations 
dP 
da{j) , ^ ,=0 
is obtained. This can be rewritten to the set of equations 
n 
S ^(OZ ^. (0"' = E c^ (0-^ c (0 ' (j=oton) 
! = 0 r I-
whose solution yields the optimal values for the coefficients a(i). 
= 2TU(r)-Ta{i)x^.{r)'L{ry=0 
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3.6. Ionization Separation: 
This is extremely important part of the work. The entire analyses are based 
on the correctness of the ionization assignments. There are many cases 
where only single transition establishes an energy level so these kinds of 
levels could always be doubtfUl unless its ionization assignment is 100 
percent certain. Therefore, ionization separation is done very carefully. The 
gradual introduction of inductance coil into the discharge circuit for 
different tracks discriminates the lines arising out of different ionization 
stages. Their intensity behavior is monitored on various tracks. The ion 
affiliation of the observed lines is assigned through a comparative study of 
the intensity variation of individual lines as a function of additional 
inductance introduced in the discharge circuit. The introduction of these 
coils changes the energy across the electrodes and hence, varies the 
excitation condition. This affects different ionization stages differently and 
therefore helps in separating out lines belonging to different ionizations. 
Increase in inductance reduces the discharge current to favour lower 
ionization stages at the expense of higher ones. Thus, intensity variation of 
the lines in the spectra separates the lines of different ionization stages. 
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CHAPTER - 4 
The first Spectrum of calcium: Ca I 
4.1. Introduction: 
The neutral calcium (Ca I) has 20 electrons and its electronic 
distribution is given as follows: 
ls^2s^2p^3s^3p^4s^ 
Thus the ground configuration of neutral calcium is 3p^4s .^ The lowest 
excited configurations are 3p''4snp (n > 4). The further excitation is of the 
type 3p 4s (nd + nf) and 3p''4sns. The ground configuration of neutral 
calcium 4s , gives only So level. Its excitation leads to two-electron system 
thus comprises of singlets and triplets level structure. The energy levels of 
the calcium atom which involve two excited electrons were first 
invesfigated by Russell and Saunders [1]. Some of their papers, including 
unpublished ones, are the unique sources for several energy levels which 
do not combine opfically with the ground level. 
The observation and analysis of the first spectrum of calcium have played 
and important role in the development of experimental methods and 
theoretical ideas in the field of atomic spectra Saunders [2] summarized the 
considerable early work on this spectrum which included observations of 
the 4snp, 4pns, 4pnd, and 3dnf series of triplets and singlets. The longest 
was 4snp 'pi reaching n=ll . Shortly thereafter Russell and Saunders [1] 
and independently Bohr [3], recognized the excitation of two electrons to 
form terms above the ionization energy. In the same paper Russell and 
Saunders proposed the now universally accepted designation for levels in 
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LS-coupling. They also introduced the concept of ordering level values 
from zero for the level of highest binding energy. The paper reports an 
extension of the analysis of Ca I which classified the remaining strong lines 
of this spectrum. The 3p terms of 4p ,^ 3d ,^ and 3dnd (n=4-6) are given, the 
latter occurring entirely above the principal ionization limit. For the 
configuration 3d4p the terms 3p, 3d and 3f were found, and for 3d5p the D 
was observed above the limit. Several undesignated levels are included 
whose interpretation was provided by later workers. In a later paper Russell 
[6] identified the 4s5s ^Si and 'So, the 4p^ 'D , and 3d4d ^S, and ^D,. 
An additional term of the 3d configuration, the F, was discovered by 
9 1 A O 
Humphrey [4] from observations in the infrared of the 3d4p-3d F - F and 
•^ D^ -^ F multiplets. Absorption measurements in the range of 1590-2400 A 
by Garton and Codling [5] produced 82 newly observed lines of calcium. 
Their classifications expended the known series as follows: 4snp Pi to 
n=33, 3dnp 'P, to n=29, 3dnf ¥ , to n=10 and 3dnf ^Di to n=15. A single 
line at 1740.32 A was classified as 4s^ 'So-4s5p'P,. 
4.2. The Term Structure of Ca I: 
Ground configuration: 
Excited configurations; 
4snp : ^Po,i,2 
'Pi 
4snd : D^ 1,2,3 
48 
4snf 2,3 ,4 
'F, 
4sng : G 3 , 4 , 5 
4sns : \ 
4p^ 0,1 ,2 
'D, 
4p3d : ^F 2 ,3 ,4 
D^ 1 , 2 , 3 
0 , 1 , 2 
'D, 
4p5s 
^ 1 
: 'Po,i,2 
Ir . 
4d 2,3,4 
0,1,2 
'D2 ; 'So 
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Results and discussion 
The ah initio calculations were performed using Cowan's computer 
code incorporating the configurations 3p^4s4p, 3p''4s5p, 3p''4s6p, 3p^4s4f, 
3p^4s 5f, and 3p^3d4p for odd parity matrix and 3p^4s3d, 3p^4s4d, 3p^4s5d, 
3p 4s 5s, 3p 4s6s, 3p 4s and 3p 4p configurations for even parity matrix. 
The initial energy parameter scaling applied for Egv and ^ at 100 % of the 
HFR values and F*" at 85 %, G'' and R'^  at 75 % of the HFR values. To 
supplement the values of levels involved in the calculation were taken from 
NIST ASD Levels list of the calcium. After having reliable predictions, 
analysis was carried out in the guidance of predicted transition 
probabilities. The levels were used to run least square fitted (LSF) 
parametric calculations. This allowed adjusting the energy parameters to 
the real values and hence a better prediction was achieved. The major 
contribution of these least square calculations in my work is that the 
unknown levels are now predicted with much better accuracy. All the 
observed and least squares fitted energy levels of even and odd parity 
configurations are given in table 4.1 and 4.2 respectively along their LS 
percentage compositions. All the least squares fitted parameters of even 
and odd parity configurations are given in table 4.3 and 4.4 respectively. 
Thorough investigation for the configurations was carried out to 
verify the published work. Some observed and unobserved levels by us 
involve in the calculations were taken from NIST ASD Levels list of the 
calcium. It was found that the reported levels of 3p^4s4p, 3p''4s5p, 3p 4s6p, 
3p^4s4f, 3pMs5f, and 3p^3d4p for odd parity matrix and of 3p^4s3d, 
3p^4s5d, 3p^4s5s, 3p^4s6s and 3p^4s^  for even paritywere correct therefore, 
confirmed in the present work. It should be pointed out that with the 
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previously reported value for the level 3p^4s4d'D2, with J=2 (37298.312 
cm") show standard deviation of 669 cm'', and for the configurations 
3p 4p and 3p 4s5p series was not converged. However, one would like to 
designate this level as 38563.23 cm" , which gives a quite good agreement 
and the standard deviation of even parity levels is only 167 cm"'. The 
standard deviation of the least squares fitted parametric calculation for odd 
parity is 620 cm" . The transitions from the levels which belong to 
configurations 3p 4p , 3p 4s5p mostly lie on that region which is beyond 
our region of present investigation. However, in near ftiture we do expect 
to have spectrum of that region then this configuration can be analyzed. 
The configuration gross structure has been depicted in Grotorian 
diagram showing possible transitions between them in fig 4.1. In the 
recorded spectrum, the lines of Ca I and Ca II fall in wavelength region 
4200 to 6700 A. 
4.3. Ionization potential: 
Borgstrom and Rubbmark [8] have determined a value of the 
ionization energy from the 4snf'F3 series equal to 49305.92 ± 0.01 cm" 
which is within the error limits of the value of Brown et al., 49305.99 ± 
0.12 cm"' . We have adopted the mean of the two values, 49305.96 ± 0.08 
cm"' as the best value. The uncertainty in the conversion factor, 8065.479 ± 
0.021 cm"'/eV, determines the uncertainty in the value given in eV. 
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Ground configuration 
Fig : 4.1 Grotorian diagram of Ca I (not to the scale) 
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Table 4.1. observed and least squares fitted levels 
of even parity configurations of Ca I in cm"^ : 
E(obs ) E (LSF) dxf f . LS-composj.tJ.on. 
0 4 
33333, 
41786. 
44277. 
45887. 
.0 
.0 
-
,0 
,0 
,0 
-
4 .0 
33300.0 
38793.0 
41404.0 
44273.0 
45902.0 
52376.0 
0 
33, 
382, 
4. 
-15. 
.0 
.0 
-
,0 
,0 
,0 
-
94% 
+ 6% 
98% 
100% 
97% 
96% 
98% 
94% 
4s2 
4p2 
4s 5s 
4p2 
4s 6s 
4s 7s 
4s 8s 
4p2 
<0>1S 
IS 
<2>3P 
IS 
IS 
IS 
<0>1S 
5% 4 s 2 
20335.0 
31540.0 
37748.0 
-
40474.0 
42743.0 
43981.0 
45049.0 
45739.0 
46302.0 
47036.0 
20446.0 
31575.0 
37749.0 
38832.0 
40845.0 
42744.0 
43991.0 
45051.0 
45726.0 
46267.0 
47037.0 
-111.0 
-35.0 
-1.0 
-
-371.0 
-1.0 
-10.0 
-2.0 
13.0 
35.0 
-1.0 
100% : 
100% 
100% 
100% 
100% 
100% 
100% 
100% 
100% 
100% 
100% 
3d 4s 3D 
4s 5s 3S 
4s 4d 3D 
4p2 <2>3P 
4s 6s 3S 
4s 5d 3D 
4s 7s 3S 
4s 6d 3D 
4s 8s 3S 
4s 7d 3D 
4s 8d 3D 
20349.0 
21850, 
37752, 
42745, 
42919, 
44990, 
45050, 
46304, 
46310, 
.0 
,0 
-
-
.0 
,0 
,0 
,0 
.0 
.0 
20468.0 
21434, 
37752, 
38102, 
38906, 
42745, 
42919, 
44984, 
45051, 
45846. 
46268, 
46466, 
,0 
,0 
.0 
.0 
.0 
,0 
.0 
.0 
,0 
,0 
.0 
•119.0 
416, 
0. 
0, 
0, 
6, 
-1. 
36, 
-156, 
,0 
,0 
-
-
,0 
,0 
,0 
,0 
.0 
,0 
100% 3d 4s 3D 
88% 
+ 12% 
100% 
100% 
100% 
100% 
99% 
87% 
+ 10% 
100% 
52% 
+ 28% 
+ 10% 
+ 7% 
100% 
70% 
3d 4s 
4p2 
4s 4d 
4s 4d 
4p2 
4s 5d 
4s 5d 
4s 6d 
4p2 
4 s 6d 
4p2 
4s 7d 
4s 6d 
3d 4s 
4s 7d 
4s 7d 
ID 
<2>1D 
3D 
ID 
<2>3P 
3D 
ID 
ID 
<2>1D 
3D 
<2>1D 
ID 
ID 
ID 
3D 
ID 
53 
+ 19% 4p2 <2>1D 
+ 6% 4s 8d ID 
47040.0 47037.0 3.0 100% 4s 8d 3D 
47131.0 - 91% 4s 8ci ID 
+ 6% 4p2 <2>1D 
20371.0 
37757.0 
42747.0 
45052.0 
46306.0 
47045.0 
20504.0 
37757.0 
42747.0 
45052.0 
46268.0 
47038.0 
-133.0 
0.0 
100% 3d 4s 3D 
100% 4s 4d 3D 
100% 
100% 
100% 
100% 
4s 5d 3D 
4s 6d 3D 
4s 7d 3D 
4s 8d 3D 
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Table 4.2. observed and least sq levels 
-1. of odd parity configurations of Ca I in cm" : 
J 
0 
1 
2 
E(obs) 
15158.0 
36548.0 
39333.0 
42515.0 
-
— 
15210.0 
23652.0 
36555.0 
-
38192.0 
39335.0 
43933.0 
42519.0 
45425.0 
44958.0 
46480.0 
-
_ 
15316.0 
35835.0 
36575.0 
35730.0 
38219.0 
39340.0 
42170.0 
42527.0 
44763.0 
44962.0 
-
E(LSF) 
15509.0 
36541.0 
39651.0 
42948.0 
45215.0 
46853.0 
15543.0 
22535.0 
36548.0 
36886.0 
37312.0 
39661.0 
42373.0 
42952.0 
44775.0 
45216.0 
46499.0 
46854.0 
48902.0 
15614.0 
35752.0 
36565.0 
36778.0 -
37343.0 
39681.0 
42085.0 
42958.0 
44725.0 
45220.0 
46856.0 
diff. 
-351.0 
7.0 
-318.0 
-433.0 
-
— 
-333.0 
1117.0 
7.0 
-
880.0 
-326.0 
1560.0 
-433.0 
650.0 
-258.0 
-19.0 
-
-
-298.0 
83.0 
10.0 
-1048.0 
876.0 
-341.0 
85.0 
-431.0 
38.0 
-258.0 
-
LS-c 
98% 
92% 
89% 
98% 
100% 
100% 
98% 
84% 
91% 
86% 
100% 
89% 
79% 
98% 
77% 
100% 
77% 
100% 
40% 
omposition. 
4s 
4s 
3d 
4s 
4s 
4s 
4s 
4s 
4s 
4s 
3d 
3d 
4s 
4s 
4s 
4s 
4s 
4s 
3d 
4p 3P 
5p 3P 
4p 3P 
6p 3P 
7p 3P 
8p 3P 
4p 3P 
4p IP 
5p 3P 
5p IP 
4p 3D 
4p 3P 
6p IP 
6p 3P 
7p IP 
7p 3P 
8p IP 
8p 3 
4p IP 
IPIP + 12% 4 
98% 
100% 
921 
100% 
100% 
89% 
100% 
98% 
100% 
100% 
100% 
4s 
3d 
4s 
3d 
3d 
3d 
4s 
4s 
4s 
4s 
4s 
4p 3P 
4p ID 
5p 3P 
4p 3F 
4p 3D 
4p 3P 
4f 3F 
6p 3P 
5f 3F 
7p 3P 
8p 3P 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
s 
+ 
+ 
8% 
8% 
15% 
8% 
14% 
8% 
16% 
9% 
9% 
10% 
7% 
21% 
3d 
4s 
3d 
3d 
3d 
4s 
3d 
3d 
4s 
4s 
3d 
4s 
7p 11% 
8% 
8% 
3d 
4s 
4p 
5p 
4p 
4p 
4p 
5p 
4p 
4p 
6p 
7p 
4p 
8p 
4s 
4p 
5p 
3P 
3P 
IP 
3P 
IP 
3P 
IP 
IP + 
IP 
IP + 
IP 
IP + 
4p 
3P 
3P 
36819.0 36828.0 -9.0 
38259.0 37389.0 870.0 
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100% 3d 4p 3F 
100% 3d 4p 3D 
40538.0 
42171.0 
42344.0 
44763.0 
44805.0 
40729.0 
42085.0 
42623.0 
44725.0 
44910.0 
-191.0 
86.0 
-279.0 
38.0 
-105.0 
701 3d 4p IF + 28% 4s 4f IF 
100% 4s 4f 3F 
72% 4s 4f IF + 25% 3d 4p IF 
100% 4s 5f 3F 
95% 4s 5f IF + 5% 3d 4p IF 
35897.0 
42171.0 
44763.0 
36895.0 
42085.0 
44725.0 
-998.0 
86.0 
38.0 
100% 3d 4p 
100% 4s 4f 
100% 4s 5f 
3F 
3F 
3F 
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Table 4.3. HF and LSF parameters of even 
configurations of Ca I in cm"^ 
1 sys t em 1 s igma( 3)= 167 .00 CONVERGED. 
c o n f i g u r a t i o n p a r a m e t e r LSF a c c u r a c y HF LSF/HF 
4s2 
4s2 
4s2 
4s2 
4s2 
3d 4s 
3d 4s 
3d 4s 
3d 4s 
4s2 
3d 4s 
4s 4d 
4s 5d 
4s 6d 
4s 7d 
4s 8d 
4s 5s 
4s 6s 
4s 7s 
4s 8s 
4p2 
-4s 5s 
-4s 6s 
-4s 7s 
-4s 8s 
-4p2 
-4s 4d 
-4s 5d 
• 
-4s 6d 
-4s 7d 
E0(4s2) 
E0{3d 4s) 
zeta{ 3d) 
G2( 3d, 4s) 
E0(4s 4d) 
zeta( 4d) 
G2( 4s, 4d) 
E0(4s 5d) 
zeta( 5d) 
G2( 4s, 5d) 
E0(4s 6d) 
zeta( 6d) 
G2( 4s, 6d) 
E0(4s 7d) 
zeta( 7d) 
G2{ 4s, 7d) 
E0(4s Bd) 
zeta( 8d) 
G2( 4s, 8d) 
E0(4s 5s) 
G0( 4s, 5s) 
E0(4s 6s) 
G0( 4s, 6s) 
E0(4s 7s) 
G0( 4s, 7s) 
E0(4s 8s) 
G0( 4s, 8s) 
E0(4p2) 
F2( 4p, 4p) 
alfa( 4p) 
zeta( 4p) 
R0( 4s, 4s; 
R0( 4s, 4s; 
RO( 4s, 4s; 
RO( 4s, 4s; 
Rl ( 4s, 4s; 
R2( 3d, 4s; 
R0( 3d, 4s; 
R2( 3d, 4s; 
R0( 3d, 4s; 
R2( 3d, 4s; 
R0{ 3d, 4s; 
R2( 3d, 4s; 
R0( 3d, 4s; 
4s, 
4s, 
4s, 
4s, 
4p, 
4s, 
4d, 
4s, 
5d, 
4s, 
6d, 
4s, 
7d, 
5s) 
6s) 
7s) 
8s) 
4p) 
4d) 
4s) 
5d) 
4s) 
6d) 
4s) 
7d) 
4s) 
3055.3 
21440.4 
23.0 
9574.1 
37835.9 
3.5 
830.3 
42794.0 
1.3 
489.7 
45064.0 
0.6 
127.9 
46274.6 
0.3 
71.7 
47041.8 
0.2 
44.5 
32032.8 
886.3 
40959.5 
259.3 
44043.6 
115.6 
45752.8 
62.2 
40978.9 
17584.0 
0.0 
74.6 
1247.5 
635.8 
416.6 
303.3 
20692.1 
2111.2 
235.8 
849.8 
102.4 
459.5 
58.8 
290.6 
39.0 
178.0 
86.0 
(fixed) 
(fixed) 
97.0 
(fixed) 
(fixed) 
84.0 
(fixed) 
488.0 
86.0 
(fixed) 
(fixed) 
90.0 
(fixed) 
(fixed) 
97.0 
(fixed) 
(fixed) 
120.0 
(fixed) 
120.0 
(fixed) 
121.0 
(fixed) 
120.0 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
3010.0 
22477 
23 
15956 
38433 
3 
1383 
43075 
1 
449 
45236 
0 
213 
46433 
0 
119 
47168 
0 
74 
31947 
1477 
40649, 
432, 
44051, 
192, 
45763, 
103, 
40979. 
20687. 
74. 
1663. 
847. 
555. 
404. 
27589. 
2814. 
314. 
1133. 
136. 
612. 
78. 
387. 
52. 
.4 
.1 
.9 
.2 
.5 
.9 
.1 
.3 
.3 
.9 
.7 
.2 
.1 
.4 
.6 
.3 
.2 
.2 
.7 
.3 
.9 
.2 
.8 
,7 
.7 
.7 
.1 
1 
6 
3 
7 
5 
4 
5 
9 
4 
1 
5 
6 
4 
5 
0 
0.944 
0.996 
0.600 
0.982 
1.000 
0.600 
0.992 
1.000 
1.090 
0.995 
0.857 
0.600 
0.995 
0.750 
0.599 
0.996 
1.000 
0.600 
1.001 
0.600 
1.007 
0.600 
0.999 
0.600 
0.999 
0.600 
0.999 
0.850 
1.000 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
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3d 4s 
3d 4s 
4s 4d 
4s 4d 
4s 4d 
4s 4d 
4s 4d 
4s 5d 
4s 5d 
4s 5d 
4s 5d 
4s 6d 
4s 6d 
4s 6d 
4s 7d 
4s 7d 
4s 8d 
4s 5s 
4s 5s 
4s 5s 
4s 5s 
4s 6s 
4s 6s 
4s 6s 
4s 7s 
4s 7s 
4s 8s 
-4s 8d R2 
RO 
-4p2 Rl 
-4s 5d RO 
R2 
-4s 6d RO 
R2 
-4s 7d RO 
R2 
-4s 8d RO 
R2 
-4p2 Rl 
-4s 6d RO 
R2 
-4s 7d RO 
R2 
-4s 8d RO 
R2 
-4p2 Rl 
-4s 7d RO 
R2 
-4s 8d RO 
R2 
-4p2 Rl 
-4s 8d RO 
R2 
-4p2 Rl 
-4p2 Rl 
-4s 6s RO 
RO 
-4s 7s RO 
RO 
-4s 8s RO 
R0{ 
-4p2 Rl( 
-4s 7s RO 
R0( 
-4s 8s RO( 
R0( 
-4p2 Rl{ 
-4s 8s R0( 
R0( 
-4p2 Rl( 
-4p2 Rl( 
( 3d, 
( 3d, 
{ 3d, 
( 4s, 
( 4s, 
( 4s, 
{ 4s, 
( 4s, 
( 4s, 
( 4s, 
( 4s, 
( 4s, 
( 4s, 
( 4s, 
{ 4s, 
( 4s, 
( 4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s; 
4s; 
4s; 
4d; 
4d; 
4d; 
4d; 
4d; 
4d; 
4d; 
4d; 
4d; 
5d; 
5d; 
5d; 
5d; 
5d; 
5d; 
5d; 
6d; 
6d; 
6d; 
6d; 
6d; 
7d; 
7d; 
7d; 
8d; 
5s; 
5s; 
5s; 
5s; 
5s; 
5s; 
5s; 
6s; 
6s; 
6s; 
6s; 
6s; 
7s; 
7s; 
7s; 
8s; 
4s, 
8d, 
4p, 
4s, 
5d, 
4s, 
6d, 
4s, 
7d, 
4s, 
8d, 
4p, 
4s, 
6d, 
4s, 
7d, 
4s, 
8d, 
4p, 
4s, 
7d, 
4s, 
8d, 
4p, 
4s, 
8d, 
4p, 
4p, 
4s, 
6s, 
4s, 
7s, 
4s, 
8s, 
4p, 
4s, 
7s, 
4s, 
8s, 
4p, 
4s, 
8s, 
4p, 
4p, 
8d) 
4s) 
4p) 
5d) 
4s) 
6d) 
4s) 
7d) 
4s) 
8d) 
4s) 
4p) 
6d) 
4s) 
7d) 
4s) 
8d) 
4s) 
4p) 
7d) 
4s) 
8d) 
4s) 
4p) 
8d) 
4s) 
4p) 
4p) 
6s) 
4s) 
7s) 
4s) 
8s) 
4s) 
4p) 
7s) 
4s) 
8s) 
4s) 
4p) 
8s) 
4s) 
4p) 
4p) 
203 
28 
15163 
0 
577 
0 
386 
0 
283 
0 
219 
414 
0 
230 
0 
171 
0 
134 
871 
0 
119 
0 
93 
797 
0 
70 
676 
569 
0 
596 
0 
397 
0 
290. 
-1397. 
0. 
216. 
0. 
158. 
-739. 
0. 
106. 
-499. 
-357. 
,2 
.3 
.6 
,0 
.2 
.0 
.1 
.0 
.0 
.0 
.7 
.1 
.0 
8 
0 
5 
0 
3 
5 
0 
5 
0 
9 
9 
0 
6 
0 
0 
0 
7 
0 
1 
0 
7 
8 
0 
3 
0 
6 
0 
0 
0 
1 
4 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
270.9 
37.7 
20218.2 
0.0 
769.7 
0.0 
514.8 
0.0 
377.3 
0.0 
292.9 
552.2 
0.0 
307.8 
0.0 
228.7 
0.0 
179.0 
1162.0 
0.0 
159.4 
0.0 
125.2 
1063.9 
0.0 
94.2 
901.3 
758.7 
0.0 
795.6 
0.0 
529.4 
0.0 
387.5 
-1863.8 
0.0 
288.5 
0.0 
211.5 
-985.4 
0.0 
141.4 
-665.4 
-489.8 
0.750 
0.751 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
0.749 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
0.750 
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Table 4.4. HF and LSF parameters of odd 
configurations of Ca I in cm"^ : 
1 system 2 S i g m a ( 3 ) = 6 2 0 . 0 0 CONVERGED. 
conf igura t ion parameter LSF accuracy HF LSF/HF 
4s 
4s 
4s 
4s 
4s 
4s 
4s 
4s 
4s 
4p 
4p 
4p 
4p 
4p 
5p 
5p 
5p 
5p 
4s 
4s 
4s 
4s 
4s 
4s 
4s 
3d 
-4s 
-4s 
-4s 
-4s 
-3d 
-4s 
-4s 
-4s 
-3d 
4p 
5p 
6p 
7p 
8p 
4f 
5f 
4p 
5p 
6p 
7p 
EO (4s 
zeta ( 
Gl( 4E 
E0(4s 
zeta ( 
Gl( 4E 
E0{4s 
zeta ( 
Gl( 4s 
E0(4s 
zeta ( 
Gl( 4s 
E0{4s 
zeta { 
Gl( 4s 
E0(4s 
zeta ( 
G3( 4s 
E0(4s 
zeta ( 
G3( 4s 
E0(3d 
zeta ( 
zeta ( 
F2( 3d 
Gl( 3d 
G3( 3d 
RO ( 4s 
Rl( 4s 
R0( 4s 
Rl( 4s 
R0( 4s 
Rl{ 4s 
8p R0{ 4s 
4p 
6p 
7p 
8p 
4p 
Rl( 4s 
R2{ 4s 
Rl( 4s 
RO ( 4s 
Rl( 4s 
R0{ 4s 
Rl( 4s 
R0( 4s 
Rl( 4s 
R2( 4s 
4p) 
4p) 
••, 4p) 
5p) 
5p) 
1, 5p) 
6p) 
6p) 
, 6p) 
7p) 
7p) 
, 7p) 
8p) 
8p) 
, 8p) 
4f) 
4f) 
, 4f) 
5f) 
5f) 
, 5f) 
4p) 
3d) 
4p) 
, 4p) 
, 4p) 
, 4p) 
, 4p; 
, 4p; 
, 4p; 
, 4p; 
, 4p; 
, 4p; 
, 4p; 
, 4p; 
, 4p; 
, 4p; 
, 5p; 
, 5p; 
, 5p; 
, 5p; 
, 5p; 
/ 5p; 
, 5p; 
4s, 
5p, 
4s, 
6p, 
4s, 
7p, 
4s, 
8p, 
3d, 
4p, 
4s, 
6p, 
4s, 
•?P, 
4s, 
8p, 
3d, 
5p) 
4s) 
6p) 
4s) 
7p) 
4s) 
8p) 
4s) 
4p) 
3d) 
6p) 
4s) 
7P) 
4s) 
8p) 
4s) 
4p) 
18583.7 
71.0 
15950.4 
37058.4 
15.4 
1763.9 
42971.9 
6.0 
606.0 
45238.8 
3.0 
290.4 
46869.0 
1.7 
162.9 
42090.1 
0.0 
118.8 
44729.2 
0.0 
82.6 
38025.7 
28.2 
44.5 
9988.0 
5573.9 
3648.9 
1006.9 
5830.4 
570.9 
3280.0 
389.2 
2228.2 
289.1 
1652.2 
-10437.0 
-11666.2 
0.0 
1288.4 
0.0 
889.1 
0.0 
664.7 
-2473.8 
326.0 
(fixed) 
(fixed) 
391.0 
(fixed) 
(fixed) 
332.0 
(fixed) 
(fixed) 
387.0 
(fixed) 
(fixed) 
807.0 
(fixed) 
(fixed) 
328.0 
(fixed) 
(fixed) 
314.0 
(fixed) 
(fixed) 
198.0 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
16990.5 
71.1 
26584.0 
37039.5 
15.4 
2939.9 
42526.4 
" 6.1 
1010.1 
44962.6 
3.1 
484.0 
46279.4 
1.8 
271.7 
42131.4 
0.0 
198.1 
44732.1 
0.0 
137.7 
37456.5 
28.2 
44.5 
11750.7 
9290.0 
6081,6 
1342.5 
7773,9 
761.2 
4373,4 
518.9 
2970.9 
385.5 
2202.9 
13916.0 
15555,0 
0,0 
1717,9 
0.0 
1185.4 
0.0 
886.2 
1.111 
0,999 
0,600 
0,999 
1,000 
0,600 
1,010 
0,984 
0,600 
1,006 
0,968 
0,600 
1,013 
0,944 
0,600 
0,998 
0,600 
0,999 
0,600 
1,015 
1,000 
1,000 
0,850 
0,600 
0,600 
0,750 
0.750 
0.750 
0.750 
0.750 
0.750 
0,750 
0,750 
0,750 
0,750 
0,750 
0,750 
0,750 
-3298 ,3 0 ,750 
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4s 
4s 
4s 
4s 
4s 
4s 
4s 
4s 
4s 
6p 
6p 
6p 
•7p 
7p 
8p 
4f 
4f 
5f 
-4s 
-4s 
-3d 
-4s 
-3d 
-3d 
-4s 
-3d 
-3d 
Vp 
8p 
4p 
8p 
4p 
4p 
5f 
4p 
4p 
Rl( 
R0( 
Rl( 
R0( 
Rl ( 
R2( 
Rl( 
R0{ 
Rl( 
R2( 
Rl( 
R2( 
Rl( 
R0( 
R3{ 
R2( 
Rl{ 
R2 ( 
Rl( 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
4s, 
5p 
6p 
6p 
6p 
6p 
6p 
6p 
7p 
7p 
7P 
7p 
8p 
8p 
4f 
4f 
4f, 
4f 
5f 
5f, 
• 4p, 
• 4s, 
• 7P, 
• 4s, 
• 8p, 
• 3d, 
4p, 
4s, 
8p, 
3d, 
4p, 
3d, 
4p, 
4s, 
5f, 
3d, 
4p, 
3d, 
4p, 
3d) 
7p) 
4s) 
8p) 
4s) 
4p) 
3d) 
8p) 
4s) 
4p) 
3d) 
4p) 
3d) 
5f) 
4s) 
4p) 
3d) 
4p) 
3d) 
3467 
0 
524 
0 
392 
1341 
1979 
0 
271 
-896 
1353 
-659 
1007 
0 
123 
1614 
1338 
1308 
1111 
.4 
.0 
1 
0 
4 
1 
0 
0 
9 
5 
9 
1 
8 
0 
8 
7 
3 
8 
8 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
4623 
0 
698 
0 
523 
1788 
2638 
0 
362 
1195 
1805 
-878 
1343 
0 
165 
2152 
1784 
1745 
1482 
.2 
.0 
.8 
.0 
.2 
2 
7 
0 
5 
4 
1 
9 
7 
0 
0 
9 
4 
0 
5 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
.750 
.750 
.750 
750 
750 
750 
750 
750 
750 
750 
750 
750 
750 
750 
750 
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Table 4.5. Observed wavelength and energy levels 
o f C a l : 
Observed 
wavelength 
(A) 
4226.73 
4240.54 
4283.01 
4289.36 
4297.99 
4302.54 
4307.72 
4318.64 
4355.53 
4425.42 
— 
4435.63 
4454.71 
— 
4457.11 
— 
4578.54 
4581.67 
— 
4585.86 
— 
— 
4878.13 
5041.62 
5188.86 
5261.71 
Reported 
wavelength 
(A) 
4226.73 
4240.46 
4283.01 
4289.36 
4298.99 
4302.53 
4307.74 
4318.65 
4355.08 
4425.44 
4434.96 
4435.69 
4454.78 
4455.89 
4456.61 
4526.94 
4578.55 
4581.40 
4581.47 
4585.87 
4585.96 
4685.27 
4878.13 
5041.62 
5188.85 
5261.71 
classification 
Configuration 
Lower 
3p'4s' 'So 
3p^4s4p¥, 
3p^4s4p¥o 
3p'^4s4p¥i 
3p'^4s4p¥2 
3p''4s4p¥, 
3pMs4p^P2 
3p^3d4s'D2 
3p^4s4p¥o 
3p^4s4p^P, 
3p^4s4p¥, 
3pMs4p^P2 
3pMs4p¥2 
3p^4s4p^P2 
3p^3d4s'D2 
3p^3d4s^Di 
3p^3d4s^D2 
3p^3d4s^D2 
3p'^ 3d4s^ D3 
3p^3d4s^D3 
3p'^ 4s4p'Pi 
3p^3d4s'D2 
3p''3d4s'D2 
3p'^4s4p'P, 
3p'^ 3d4s^Di 
Configuration 
Upper 
3p^4s4p'P, 
3p^4p'^ P2 
3pMp2^Pi 
3pMp''P, 
3 p V ' P 2 
3p'4p'¥o 
3pMp'¥i 
3p^4s5f'F3 
3p^4s4d^Di 
3p^4s4d^D2 
3p^4s4d^D, 
3p^4s4d^D3 
3p'^ 4s4d^D2 
3p^3d4d^D, 
3p^4snp'Pi 
3p'^ 4s4f^ F2 
3p^4s4f^ F3 
3p^4s4f^ F2 
3pMs4f^ F4 
3p^4s4f¥3 
3p^4s6d'D2 
3p^4s4f'F3 
3p^4s6p'Pi 
3p^4s5d'D2 
3p^3d4p^P, 
Energy 
levels of 
lower 
state 
(cm-') 
0 
15210.06 
15157.90 
15210.06 
15315.94 
15210.63 
15315.94 
21849.63 
15157.90 
15210.06 
15210.06 
15315.94 
15315.94 
15315.94 
21849.63 
20335.36 
20349.26 
20349.26 
20371.00 
20371.00 
23652.30 
21849.63 
21849.63 
23652.30 
20335.36 
Energy 
levels of 
upper 
state 
(cm-') 
23652.30 
38551.55 
38464.80 
38464.38 
38551.55 
38417.54 
38464.80 
44804.87 
37748.19 
37751.86 
37748.19 
37757.44 
37751.86 
37748.19 
43933.47 
42170.21 
42170.55 
42170.21 
42171.02 
42170.55 
44989.83 
42343.58 
41679.00 
42919.05 
39340.08 
61 
5264.54 
5266.22 
5270.22 
5349.49 
5512.98 
5581.92 
5588.76 
5590.52 
5594.75 
— 
— 
— 
5897.44 
5262.24 
5264.24 
5265.56 
5270.27 
5349.47 
5512.98 
5581.97 
5588.76 
5590.12 
5594.47 
5598.49 
5601.29 
5602.85 
5897.45 
3p''3d4s'D, 
3p^3d4s^D, 
3p^3d4s^D2 
3p^3d4s^D3 
3p^4s4p'P, 
3p'^ 3d4s^ D2 
3p'^ 3d4s^ D3 
3p'^ 3d4s^D, 
3p''3d4s^D2 
3p^3d4s^D, 
3p^3d4s^D3 
3p^3d4s^D2 
3p^4s4p'P, 
3p'^3d4p¥o 
3p^3d42¥2 
3p^3d4p¥, 
3p'^ 3d4p-^ P2 
3pV'So 
3p'^ 3d4p^D3 
3p^3d4p^D3 
3p '^3d4p^D2 
3p'3d4p^D3 
3p^3d4p^D, 
3p^3d4p^D2 
3p'^ 3d4p^D, 
3 p V ' D 2 
20335.36 
20335.36 
20349.26 
20371.00 
23652.30 
20349.26 
20371.00 
20335.36 
20349.26 
20335.36 
20371.00 
20349.26 
23652.30 
39335.32 
39333.38 
39340.08 
39335.32 
41786.27 
38259.12 
38259.12 
38219.11 
38219.11 
38192.39 
38219.11 
38192.39 
40719.84 
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CHAPTER - 5 
The Second Spectrum of calcium: Ca II 
5.1. Introduction: 
The singly ionized calcium (Ca II) has 19 electrons and its electronic 
distribution is given as follows: 
ls^2s^2p^3s^3p''4s' 
Thus its ground configuration is 3p''4s' and it belongs to the K I 
isoelectronic sequence. The lowest excited configurations are 3p^np (n > 
4). The further excitation is of the type 3p^nd and 3p''nf The ground 
configuration of singly ionized calcium 4s , gives only S1/2 level. Its 
excitation leads to one-electron system. The analysis in its present state was 
nearly completed by Saunders and Russell [1]. The spectrum was 
reobserved between 3000 and 12000 A by Edlen and Risberg [2], who 
recalculated the level values from their new grating measurements and the 
interferometric measurements of Wagman [3] and found the 5g, 9s, and 
10s, terms. Risberg added lOd, 8f, 8h, and lOh and revised the 6p^Pi/2 
Level. The 9f -lOf and lld-16d terms are derived from unpublished 
observations of Shenstone in the region 2890 to 3220 A. Edlen and Risberg 
. . . 9 
derived the quoted ionization energy from the ng series. The terms nd D 
(n=ll to 16) and nf F (n=8 to 10) have been added from an unpublished 
manuscript by Shenstione [4] who made additional observations in the 
region between 2897 A and 3758 A. Shenstone has also generously 
furnished his recent unpublished observations of the pair of lines at 
8927.34 A and 8912.10 A, having intensities 20 and 15, respectively, and 
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classified as 4d D-4f F.These lines have been used to calculate the value of 
4f¥. 
5.2. The Term Structure of Ca II 
Ground configuration: 
4s': 'S,/2 
Excited configurations: 
np : 
nd : 
nf : 
ng : 
nh : 
P 1/2,3/2 
D 3/2,5/2 
F 5/2,7/2 
G 7/2,9/2 
H 0/2.11/2 
5.3. Results and discussion: 
6/i„l o 6c 1 -,^6^1 We have considered the configurations 3p 4s , 3p 5s , 3p 6s , 3p 7s , 
3p^8s', 3p^9s', 3p^3d', 3p'^ 4d', 3p^5d', 3p^6d', 3p'^ 7d', 3p^5g', 3p^6g', 
3p^7g' and 3p^5g' for even parity and 3pSp', 3p*^6p', 3p^7p', 3p^8p', 
3p^9p\ 3p^4f', 3pSf\ 3p^6f' and 3p^7f' for odd parity to run least squares 
fitted (LSF) parametric calculation to interpret the observed levels system. 
The least squares calculation shows reasonably good fit with the standard 
deviations for even and odd parities, 6.00 cm" and 14.00 cm' respectively. 
We have observed that only a few lines of Ca II fall in our wavelength 
region. Most of the work is done theoretically and found that for the 
configurations 3p^9s', 3p'^7p', 3p^8p', 3p^9p' a total of seven levels are 
observed. The configuration gross structure has been depicted in Grotorian 
65 
diagram showing possible transitions between them in fig 5.1. All the 
observed and least squares fitted energy levels of even and odd parity 
configurations are given in table 5.land 5.2 respectively along with their 
LS percentage compositions. All least squares fitted energy parameters of 
even and odd parity are given in table 5.3and 5.4 respectively. 
5.4. Ionization potential: 
Edlen and Risherg [2] have determined a value of the ionization energy 
from the ng series equal to 95751.87±0.03 cm' . The uncertainty in the 
conversion factor, determines the uncertainty in the value given 
11.87181±0.000004eV 
66 
Ground configuration 
Fig: 5.1 Grotorian diagram of Ca II (not to tlie scale) 
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Table 5.1. observed and least squares fitted levels 
of even parity configurations of Ca II in cm \' 
J 
1/2 
E(obs) E(LSF) diff. LS-composition. 
0.0 
52167.0 
70678.0 
79450.0 
84303.0 
0.0 
52167.0 
70678.0 
79450.0 
84303.0 
87005.0 
100% As 2S 
100% 5s 2S 
100% 6s 2S 
100% 7s 2S 
100% Bs 2S 
100% 9s 2S 
3/2 13650.0 
56839.0 
72722.0 
80523.0 
84935.0 
13639.0 
56841.0 
72723.0 
80524.0 
84936.0 
1 1 . 0 
- 2 . 0 
- 1 . 0 
- 1 . 0 
- 1 . 0 
100% 3ci 2D 
100% 4ci 2D 
100% 5d 2D 
100% 6d 2D 
100% 7d 2D 
5/2 13711.0 
56859.0 
72731.0 
80528.0 
84938.0 
13722.0 
56857.0 
72730.0 
80528.0 
84938.0 
-11 
2 
1 
0 
0 
100% 3d 2D 
100% 4d 2D 
100% 5d 2D 
100% 6d 2D 
100% 7d 20 
7/2 78163.0 
83540.0 
86781.0 
78163.0 
83540.0 
86781.0 
0.0 
0.0 
0.0 
100% 5g 2G 
100% 6g 2G 
100% 7g 2G 
9/2 78163.0 
83540.0 
86781.0 
78163.0 
83540.0 
86781.0 
0.0 
0.0 
0.0 
100% 5g 2G 
100% 6g 2G 
100% 7g 2G 
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Table 5.2. observed and least squares fitted levels 
of odd parity configurations of Ca II in cm"\* 
J 
/2 
/2 
5/2 
7/2 
E(obs) 
25192.0 
60535.0 
74486.0 
-
-
— 
25414.0 
60613.0 
74522.0 
-
-
— 
68057.0 
78028.0 
83458.0 
86728.0 
68057.0 
78028.0 
83458.0 
86728.0 
E(LSF) 
25217.0 
60544.0 
74490.0 
81261.0 
85270.0 
87788.0 
25389.0 
60604.0 
74518.0 
81277.0 
85279.0 
87795.0 
68057.0 
78028.0 
83458.0 
86727.0 
68057.0 
78028.0 
83458.0 
86728.0 
diff. 
-25.0 
-9.0 
-4.0 
-
-
~ 
25.0 
9.0 
4.0 
-
-
~ 
0.0 
0.0 
0.0 
1.0 
0.0 
0.0 
0.0 
0.0 
LS-composition. 
100% 
100% 
100% 
100% 
100% 
100% 
100% 
100% 
100% 
100% 
100% 
100% 
100% 
100% 
100% 
100% 
100% 
100% 
100% 
100% 
4p 
5p 
6p 
7p 
8p 
9p 
4p 
5p 
6p 
7p 
8p 
9p 
4f 
5f 
6f 
7f 
4f 
5f 
6f 
7f 
2P 
2P 
2P 
2P 
2P 
2P 
2P 
2P 
2P 
2P 
2P 
2P 
2F 
2F 
2F 
2F 
2F 
2F 
2F 
2F 
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Table 5.3. HF and LSF parameters of even 
configurations of Ca II in cm"^ : 
1 sys t em 1 Sigma( 2)= 6.00 CONVERGED. 
conf igura t ion parameter LSF accuracy HF ISF/HF 
4s 
5s 
6s 
7s 
8s 
9s 
3d 
4d 
5d 
6d 
7d 
5g 
6g 
^g 
E0(4s 
E0(5s) 
E0(6s) 
E0(7s) 
E0(8s) 
E0(9s) 
E0(3d) 
zeta ( 
E0(4d) 
zeta ( 
E0(5d) 
zeta ( 
E0(6d) 
zeta ( 
E0(7d) 
zeta ( 
E0(5g) 
zeta ( 
E0(6g) 
zeta ( 
E0(7g) 
zeta ( 
3d) 
4d) 
5d) 
6d) 
7d) 
5g) 
6g) 
7g) 
0.0 
52167.0 
70677.6 
79449.9 
84302.6 
87004.7 
13688.8 
32.9 
56850.5 
6.5 
72727.1 
2.7 
80526.1 
1.4 
84936.9 
0.8 
78163.0 
0.0 
83540.0 
0.0 
86780.9 
0.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
4.0 
(fixed) 
4.0 
(fixed) 
4.0 
(fixed) 
4.0 
(fixed) 
4.0 
(fixed) 
4.0 
(fixed) 
4.0 
(fixed) 
4.0 
(fixed) 
0.0 
52245.9 
70550.1 
79241.3 
84058.8 
87010.7 
14353.6 
32.9 
57337.7 
6.5 
72788.8 
2.8 
80426.5 
1.5 
84761.1 
0.9 
77880.6 
0.0 
83246.7 
0.0 
86484.0 
0.0 
0.998 
1.002 
1.003 
1.003 
1.000 
0.954 
1.000 
0.992 
1.000 
0.999 
0.964 
1.001 
0.933 
1.002 
0.889 
1.004 
1.004 
1.003 
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Table 5.4. HF and LSF parameters of odd 
configurations of Ca II in cm"^ : 
1 sys t em 2 S i g m a ( 2 ) = 1 4 . 0 0 CONVERGED. 
conf igura t ion parameter LSF accuracy HF LSF/HF 
4p 
5p 
6p 
E0(4p) 
zeta { 
E0(5p) 
zeta ( 
E0(6p) 
zeta ( 
7p E0(7p) 
8p 
9p 
4f 
5f 
6f 
It 
zeta ( 
E0{8p) 
zeta ( 
E0(9p) 
zeta ( 
E0(4f) 
zeta ( 
E0(5f) 
zeta ( 
E0(6f) 
zeta { 
E0(7f) 
zeta ( 
4p) 
5p) 
6p) 
vp) 
8p) 
9p) 
4f) 
5f) 
6f) 
7f) 
25331.7 
115.0 
60584.1 
39.9 
74508.5 
18.9 
81271.4 
10.4 
85275.8 
6.3 
87792.5 
4.1 
68057.0 
0.0 
78027.8 
0.0 
83458.4 
0.0 
86727.5 
0.0 
10.0 
(fixed) 
10.0 
(fixed) 
10.0 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
(fixed) 
10.0 
(fixed) 
10.0 
(fixed) 
10.0 
(fixed) 
10.0 
(fixed) 
24910.4 
115.0 
60465.3 
40.0 
74314.1 
18.9 
81271.5 
10.4 
85276.9 
6.4 
87800.8 
4.2 
67697.0 
0.1 
77694.0 
0.0 
83137.0 
0.0 
86418.1 
0.0 
1 
1 
1 
0 
1 
1 
1 
1 
1 
0, 
1. 
0. 
1. 
0. 
1. 
1. 
1. 
.017 
.000 
.002 
.997 
.003 
.000 
.000 
.000 
.000 
.984 
.000 
,976 
,005 
000 
004 
004 
004 
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Table 5.5. Observed wavelength and energy levels 
of Ca I I : 
Observed 
wavelength 
(A) 
Reported 
wavelength 
(A) 
classification 
Configuration 
Lower 
3p'5P 'P,p 
3p'5p 'P3/2 
3p'5p ¥3/2 
Sp'Sp ¥,/2 
3p'5p ¥3/2 
Configuration 
Upper 
3p"^ 7d^ D3/2 
3p'7d'D5/2 
3p'7d'D3/2 
3p^8s'S,/2 
3p^8s^ Si/2 
Energy 
levels of 
lower 
state 
(cm-') 
Energy 
levels of 
upper 
state 
(cm-') 
5001.49 
5019.89 
5021.16 
4097.10 
4109.82 
4110.28 
4206.18 
4220.07 
4472.04 
4479.23 
4489.18 
4716.74 
4721.03 
4799.97 
5001.48 
5019.97 
5021.14 
5285.27 
5307.22 
5339.19 
5922.72 
5923.69 
3p'5p 'P,/2 
3p'5p %2 
3p^5p P^3/2 
3pSp P^i/2 
3p'5p 'P3/2 
3p'6d 'D3/2 
3p'6d 'D5/2 
3p'6d 'D3/2 
3p'7s^S,/2 
3p^7s^S|/2 
60533.02 
60611.28 
60611.28 
60533.02 
60611.28 
60533.02 
60611.28 
60611.28 
60533.02 
60611.28 
84933.65 
84936.41 
84933.65 
84300.89 
84300.89 
80521.53 
80526.16 
80521.53 
79448.28 
79448.28 
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Appendix : A 
Recorded spectrum of calcium and carbon 
t -« 
W R S f K M M N ^ ^ 
MiW 
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Recorded spectrum of carbon and copp'er-—'^ 
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